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An investigation has been conducted i n  the NACA Cleveland alti- 
tude wind tunnel t o  evaluate  the performance and windmilling drag 
chamcteristics of an original and a modified turbodet engine of the 
8ame tgpe. h t a  have been obtained et simulated altit-ran 5000 
t o  45,000 feet, simulated flight mch numbers from 0.09 t o  1.08, and 
engine speeds from 4000 t o  12,500 rpim. Engine performance data  are 
presented f o r  both engines t o  show the  effects of' alt i tude at a 
f l ight  Yach  number of 0.25 and. of f l i g h t   k c h  nmber at  an alt i tude 
of 25,000 feet .  Performasce of the  original and modified engines is 
compared for a range of simulated f l igh t  conditions. The performance 
hta are generalized t o  show the  applicability of methods used. t o  
estimate  performance.at any altitude froan data obtained at  a given 
altitude. Engine-windmilling-sped and windmilling-drag data are 
presented f o r  a  range of simulated f l fgh t  conditions. 

Perfomance variables depending upon fue l  consumption that are 
obtained from data a t  one elt i tude cannot be uered t o  predict  these 
variables a t  other  altitudes; however, t h m t  and air-flow values 
can be predicted f o r  a limited range of altitudes from data taken a t  
one altitude. The eaaust-nozzle-outlet  total temperature increased 
at high engine speeds as  the  altitude waa raised, and decreased at  
a l l  engine speeds as the flight mch number was increased f o r  a 
limited w e  of f l l g h t   h c h  numbers. A t  engine speeds greater  than 
10,000 rpn, the  specific fuel consumption bamd on net  thrust wae 
not appreciably  affected by changes in alt i tude from 5000 t o  
35,000 feet ,  but was markedly increased by a further increase i n  
alt i tude  to 45,000 feet .  In general, ths specific  fuel consumption 
based on net  thrust  increased as the flight Wch nmber was increased. 
The net thrut at maximum engine speed for the modified  engine was 
3 t o  20 percent g r a t e r  than  that of the original engine; the epe- 
c i f ic   fue l  conswnption based on net thrust   a t  m a x i m u m  engine speed 
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was comparable for  the  two engines. For an 
per hour  at an altitude  of 25,000 feet,  the 
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atrepeed of 500 miles 
windmilling drag was 

approximately equal to 11 percent. of the m a x i m u m  net  thrust  at  that 
flight  caadition. 

A n  Investigation has  been cmducted in the PeACA Cleveland  alti- 
tude wind tunnel to  evaluate  the performance characteristics of an 
original and a modified  turbojet  engine of the same type. The &rzZ 
wqmnents a€' the engines were similar except  that  the modified 
engine inoluded changes made by the  manufacturer  to Improve velocity 
and temperature  distributians within the engine. Data have been 
obtained for a range of simulated  altitude6 and flight  Mach  nuanbere 
throughout  the  operable range of engine Bpeeds. Exteneive inetru- 
mentation was installed in  the emgines to  obtain detailed information 
on the  individual  components of the engines, as well a8 over-811 
engine  performance. Analyses of turbine  perPonuance,  compressor per- 
f o m c e ,  combustion-chamber performance, and operational  character- 
istics  are  presented i n  referencea 1, 2, 3, and 4, respectively. 

Engine perforrmeace data are  ,presented  herein  to show the  effects 
of alkitude  at a flight  Mach number of 0.25 an8 of flight Mxh number 
at an altitude of 25,000 feet. Performance of the  original and 
modified engines is compared for a range of simulated flight condi- 
tions. The applicability af methoda used to ge,nerallze the  data In 
order  to  estimate  the performance at various altitudes  from perfom- 
ame data  obtained  at a given altitude is discussed. Data are also 
presented  to  show  the  effects of altitude and airspeed on engine 
windmilling speed and wlndmilling drag. 

The X24C-4B turbojet engine used in the  altitude-wind-tunnel 
investigation has 'EL sea-level static  thrust  rating of 3000 pounds at 
an engine speed of' 12,500 rpm. At thb rating,  the  air flow is 
appximately 58.5 pounds per  second and. the fuel consumption is 
3200 pounds per  hour. The engine has an 11-stage axial-flow com- 
pressor with a pressure  ratio of approximstely 3.8 at  rated engine 
speed, a double-annulus  combustion  chamber, a two-stage  turbine, and 
a fixed-area  exhaust nozzle. The over-all  length of the engine is 
1191 inches, the  maxlmum diameter  is 281 inches, and the  total  weight 
is 1150 pounds. The modif led engine vas similar to  the original 
engine exmpt for m i n o r  changes made by  the  manufacturer in the com- 
pressor and the  combuetion  chamber. 
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Air enters  the engine through an annular inlet  and passes into 
the compressor through a single row of inlet  guide vanes. The com- 
pressors of the original and m o d i f i e d  eng3nee were similar with the 
exception of the  eleventh-stage  rotor blading. For the modified 
engine, the loading on the  eleventh-stage  rotor  blades was-reduoed 
in  order t o  obtain a more nearly uniform velocity  distribution at  
the compressor outlet. This reduced loading was accmplished by 
twisting the blades, in the  Wection of reduced angle of attack, 
30 at the midspan and 6O at the t ip.  A more complete description of 
the compressors is given in reference 2. 

After being compressed, the air is  discharged f r o m  the.compres- 
sor through two r m  of straightening vanes and an annular diffuser 
into  the double-amulus combustion chamber. Fuel is injected  into 
the two annuli of ,the cambustion chamber from two concentric fuel 
manifolds . There are 36 fuel nozzles i n  the  outer manifold ring and 
24 in the  inner manifold ring. The fuel nozzles for the original 
engine had a rated  capacity of 7; gallons per hour a t  a irifferential 
.pressure af 100 pounds per square inoh, as compared with 7 gallons 
per hour for the modified emgins. The fuel used throughoat the 
investigation conformed t o  specification AN-3’-28, Amendment 3. Air 
entering the cmbustion chamber is divided into three  annular 
streams by the two concentric fuel manifolds . For  the  original 
engine, a screen having 60-percent blocklng area was installed in  
the  outer 8” air  stream and one of‘ 40-percent block- area 
was ‘installed in the intermediate  annular air  stream. For the modi- 
fied engine, these  screens were replaced by two screens of 30-percent 
blocking area. 

The double-annulus combustion chamber (reference 3) is of the 
step type.  Steps 1 and 2 admit primary air through small circular 
wall perforations.  For  the orlginal engine, secondary air  entered 
the combustion chamber through row6 of c i r c u k  holes i n  steps 3 
and 4. For the m o d i f i e d  engfne, secolaaary air entered the combus- 
t ion chamber through a s a l e  row of large  rectangular  holes in 
step 3. The t o t a l  area of the ombustian-chamber-wall perforations 
W E ~ B  the same for  the  original and mcdif ied engines. 

Gases from the combustion chamber flow through the two-stage 
turbine into the tail pipe and exhebust through a fixed-area exhauet 
nozzle. Each turbine stage consists of a stator and a rotor. The 
turbine rotor assembly includes  the shaft and the first- and 
second-stage disks. A more complete description of the turbine, 
which was similar fo r  the  origins1 and modified engines, is given 
in reference 1. 
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As a result of the various changes included i n  the modified 
engine, the mantlfactwer raised the  allowable oprating temperature 
limit for this engine. The maximm temperature, as Fndicated by 
any thermocouple at the  turbine  outlet, was limited t o  1 2 s  B f o r  
the oruinal engine as compred witn 140O0 F for the modified engine. '. 

I "he engine modifiuationa and the  revised temperature limit permitted ' 

f o r  the or ig ina l  engine t o  171  equara inches f o r  the modified engine,.' 
i .  a reduotian in  exhaust-nozzle-outlet =ea from 183 square inches i 

- 

The engines were installed i n  a wing nacelle i n  the  test 880- 
t ian of the  altitude wind tunnel (fig. 1). For t h i s  installation, 
an extended inlet duct 5 feet long and, an extended t a i l  pipe 3 feet  
long were used. Cowling was eliminated from around the engine. 
Inatnrmentatim was installed at several  statione In the engine 
( f i g .  2). The instrumentatron i d a l l e d  in the  original and modi- 
f ied engines w8a the Bame except a t  the turbine  outlet, where addi- 
tibinal themnocouples were bs ta l l ed  f o r  the modified engine to give 
a m a r e  complete temperature survey. 

Inlet pressures correspnding t o  the  desired f l ight  Msch  num- 
bers were obtained  by  introducing dry refrigerated a i r  frm the 
tunnel make-up a i r  system through a duct t o  the engine inlet .  This  
a i r  was throttled frm approxhstely sea-level preseure t o  the 
desired to ta l  pressure a t  the cxrmpeseor inlet;  the  static pressure 
in  the wind-tunnel test eectfon was maintained a t  the  pressure 
corresponding t o  the desired altitude. The duot from the tunel 
make-up a i r  aptem was attached t o  the engine inlet h o t  by means 
of a s l i p  Joint with a l aby r in th  seal in order that drag and thruat 
values  could be determined by w e  of the tunnel balance ecales. 

Engine performance data were obtaltled a t  afmuLated altitudes 
from 5000 to 45,000 feet, elmulated f l i g h t  bkch numbere from 0.09 
to 1.08, ahd engine speeds f rm  idl ing speed (4000 rpn) t o  rated 
speed (12,500 yr~pp). The c~mpressor-inlet a i r  temperatures were 
held a t  approxfmately NACA standard values corresponding t o  the 
simulated flight conditions, except a t  high altitudes and low 
flight Wch numbers; no inlet-air temperatures below 440° R were 
obtained. A t  the high altitudes, the max.imum engine speed was 
limited by the turbine-outlet temperature and minimum engine speed 
was limited by combustion blow-out. 

Thruet was determined by calculation fsam tunnel balance-acale 
measurement8 am3 also by calculation from pressure and temperature 
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measurements obtained a t  the e-ust-nozzle outlet  (station 8). 
Power-off runs were made in order t o  correct  the  balance-scale 
measurements f o r  external-drag forces. The valuee of thrust we- 
sented  herein were obtained from measurements made with  the tunnel 
balance scales. A i r  flow was calculated from pressure and teqera-  
ture ueaswlments  obtained a t  the engine inlet   (station 1). Com- 
plete ram-pressure recovery was assumed a t  the compressor inlet  in 
the  calculation of equivalent  airspeed and f l ight  Mach  number. The 
symbols and the methods of calculation used in  t h i s  report are pre- 
sented in the appendix. 

RESUETS AND DISCUSSION 

Because no inlet-sir  temperatures below 440° R were obtained, 
the  equivalent ambient static temperatures w e r e  considerably above 
the  standard values at  high altitudes and low flight  Wch  numbers. 
The various altitude performance data presented in this  report have 
been corrected t o  the standard altitude temperatures by use of the 
factor ea, the  ratio of absolute ambient s ta t ic  temperature to 
absolute ambient static temperature aP NACA standard atmosphere at  
the  respective altitude. Performance data corrected by t h i s  method 
may be scanswhat different from data obtained under actual conditione 
because aP the effect of Reynolds number on cmpressor performancg. 

An examination of the data has s h m  that  the average ra t io  of 
the  jet thrmst  calculated from tunnel  balance-scale measurements t o  
the  jet  thrust'calculated frcan temperature and pressure measurements 
obtained at the  efiaust-nozzle  outlet; was 0.987 for  the original 
engine and 0.976 for the modified engine. The values of t h rus t  pre- 
sented in  this report were caloulated from "ce-scale measure- 
ments except f o r  those  instances *ere the aforementioned jet-thrust 
ra t io  deviated  considerably from the respective average ratio. 
Where this deviation was encountered, the specific  fuel consmption 
based on balance-scale measurements of ,net  thrust was Inconsistent 
and, therefore, the jet thrust m a  taken as the product of the  jet- 
thrust rat io  and the jet thrust calculated from measurements a t  the 
exhaust-nozzle outlet. Net thrust, presented in the following 
discussion, was determined by subtracting  the initial free-stream 
momentum of the  inlet air  from the Jet thrust. 

w i n e  Performance 

Effect of altitude. - Performance data obtalned wlth both engines 
at  a constant f l ight Mach number of 0.25 at altitudes from 5000 t o  
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A t  engine speeds greater than 10,000 rpm, the  speGific fuel  
consumptian based on net thrust (fig. 6 )  waa not  appreciably 
affected by ohmges in altitude from 5000 to  35,000 feet, but was 
markedly increased when the altitude was further raised to  
45,000 feet.  Fuel-air r a t i o  (fig, 7 )  increased 8s the  altitude was 
raised;  the  increase in fuel-air r a t i o  became  more  pronounced a t  
high altitudes. The m i n i m u m  fuel-air   ratio  at  each altitude 
occurred at an engine speed between 9000 and 10, OOO r~pn. 

The average total temperature measured a t  the  e&aust-nozele 
outlet inureased a t  high engine speeds a s  the  altitude was raised 
(fig. 8 )  . Zor engine Bpeeda below appr"tely 10,500 r p ,  
increasing the  altitude t o  25,000 feet  decreased the ezhaust- 
nozzle-outlet t o t a l  temperature. Lncreasing the  altitude from 
25,000 to 35,000 feet decreased the temperature a t  engine speeds 
below 10,000 rpm for  the original -ne and a t  engine speeds 
between 8000 and 9500 rp for the m o d i f i e d  engine. A further 
increase in  alt i tude t o  45,000 feet increased  the teanpersture eat 
a l l   e q i n e  speeds. 

W e c t  of flight &oh number. - Perforntance data obtained v l t h  
both engines at ELTI altitude of 25,000 feet  snd flight Mach numbers 
from 0.25 to 1.08 are presented to' show the  effect of flight Mach 
number on the variation with engine B p e e d  of net thrust (fig. .9) ,  a i r  
flow (fQ. IO), fuel aaneumptian (fig, u), specific fue l  consumption 
taeed on net  thruet (fig. u), fuel-air r a t i o  (fig. u), ~ n d  eue t -  
nozzle-outlet total  temperatme (fig. 14).  In general, the perform- 
ance trends of the original and modified enginea are similar. 

Raising the flight Wch number from 0.25 to 0.53 decreased 
the net thrust (fig. 9) throughout the  entire mnge of engine speeds. 
As the flight hboh number was inoreased beyond 0.53, the net thrust 
decreased a t  low engine speeds and increased at high engine speeds. 

As the flight &oh number was raised,, the fuel oaneumrptian 
(fQ. 11) decreased a t  law engine speeds and increased a t  high engine 
speeda. For the original engine, the  specific fuel consumption based 
on net thrust (fig. 12(a) ) increased at a l l  engine speeds ae the 
flight Mach number was raised t o  0.98, but was. unaffected by a . 
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further  increase in fliet Maoh number  to 1.08. For  the modifid 
engine, the  specific  fuel  oonslrmption  based on net  thrust  (fig.  12(b) ) 
increased  at a l l  w i n e  speeds  a8  the  flight  &oh  number was 
increased  to 1.08. For  the  original enghe,  raising  the  flight bch 
number  reduced  the  fuel-air  ratio  (fig. =(a) ) throughout  the range 
of engine speeds. For  the  modified  engine,  raising  the  flight mch 
number  to  0.87  reduced  the f uel-air  ratio  throughout  the  range  of 
engine speeds; however, a further  increase in flia't hbch  number  to 
1.08 resulted in increased  fuel-air  ratios  at  high eng3ne speeds. 

At  all engine speeds, for  the  original -ne, the  exhaust- 
nozzle-outlet  total  temperature (fig. 14(a)) was reduced as the  flight 
&oh number was increased to 0.98, but was not  appreciably  affected 
by  further  increasing  the  flight hch number  to 1.08. For the modi- 
fied.  engine,  the  exhaust-nozzle-outlet total temperature  (fig.  14(b)) 
was reduced  at all engine speeds as the  flight  &ch  number was . 
raised  to 0.73; at high engine spseds, however,  the  temperature w88 
not  appreciably  affected as the  flight hhch number was Inoreased 
from 0.73 to 0.87, but was increased by a further  increase in flight 
MsGh number  to 1.08 . 

Compsrison  of engines. - Maximum engine speed was either  the 
rated  engine  speed  of 12,500 rpn or a temperature-limited  engine 

at  the  turbine  outlet was different for the  two engines; 25  thermo- 
oouples  were used in determining  the  average  turbine-outlet  temper- 
ature  for the original engine as capred with 49 thermocouples  for 
the  modified engine. The measured turbine-outlet  temperatures of 
the or ig ins1  engine are  considered  to  be  lower  than the actual  tam- 
peratures. For the  purposes  of  this  report,  however,  the 
temprature-lfmited engine s p e d  of the  original  engine  is  defined 
as that; engine speed  at  which  the  average  turbine-outlet  indicated 
temperature was E2Oo R. For  the  modified engine, the  temprature- 
limited engine speed is defined  as  that engine speed  at  which  the 
average turbine-inlet  total  temperature  (calculated  from  turbine- 
outlet  total  temperature by the method  given in reference 1) is 
18850 R. These average-temperature  limits  correspond  approldmstely 
to  the lnsxhum turbine-outlet  temperature  limits used when the 
engines were in operation. 

. speed  that was less than 12,500 rpm. The instrumentation  installed 

The performance of the  original engine is  compared  with  that 
of the  modified engfne on the basis of the  variation of net  thrust 
(fig. 15) and of specific fuel wmsumption  based on net  thrust 
(fig. 16) with  airspeed  at maximum engine sped. The data  of  these 
figures  were  obtained  from  figures 3, 6, 9, and 12, and from  similar 
additional figures. The, maxirmrm engine speed was 12,500 rpm at , .  
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altitudes of 5000 anb 15,000 feet for the raqp of airepeede invee- 
tigated and at an altitude of 25,000 feet f o r  airapeede  greater than 
approxLmately 365 miles  per  hour f o r  the or ig ins1  engine and 
420 miles per hour  for  the modified engine. At  the lmr airspeede 
at an altitude of' 25,000 feet and for the  range of airspeeds inves- 
tigated  at  altitudee of 35,000 and 45,000 feet,  however,  the mafirnum 
engine q e d  was a temperature-llmited  engine speed lese than 
12,500 rp. 

For the range of airspeeds  investigated, the net t hme t  at max- 
imum engine speed of the  modified  engine  (fig. 15) was greater than 
that of' the original engine by 7 to 20 percent at an altitude of 
l5,OOO feet, 5 to 14 percent at an altitude of' 25,000 feet,  approx- 
imate4 6 pelvlent at an altitude a€' 35,000 feet, and 3 to 19 percent 
at an altitkde & 45,000 feet. As the  airspeed wae increseed 
within  the range investigated,  the  difference  betweem  the  net  thrust 
at maximum engine speed of the  modified en@m and that af the 
original angins increased  at  altitudee of 15,000 and 25,000 feet, 
was eseentially  unerfPected  at an altitude  of 55,000 feet, and 
deoreased  at an altitude of 45,000 feet. 

For the range of airepeede  investigated,  the  Bpeclfic fuel 
oonsumptian based on net thrust for the modified engine at maximum 
engine speed (fig. 16) was equal to  or  leas  than that for the 
origlrel engine except  at  equivalent  airspeede  greater  than 
600 milee per hour  at an altitude of 25,000 feet and 275 miles per 
hour at an 8ltituAe d 35,000 feet. In most cams, however, the 
specific fue l  consumption based on net thrust f o r  the  modified 
engine a t  maldmum engine speed was within 2 percent  of tbat  for 
the  original engine, 

Generalized  Performance 

The altitude perfarplance data presented in figures 3 to 8 have 
been  genemllzed to standard sea-level conditions by use of' the 
factors 6 m d  6. The generalized performance  data are  presented 
in figures 17 through 22. The concept of flow  similarity and the 
appUcation aP dimensional  analysis has le& to the developent of 
them faotm with wkLch data  obtained  at aeveral altitudes may be 
generalized. In the  development  of this method of generalization, 
the  efficiencies  of  the engine ocenponents  were  cansidered  to be 
unaffected by changes in altitude. Any changes in component effi- 
clenciee t he rdore  lessen  the  possibility of generslizing data 
obtained  at  different  altitucles to a single  curve. 

. 
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Data obtained  with  both engines at a constant f u g h t  -oh num- 
ber of 0.25 at  altitude8 fraan 5000 t o  45,000 feet  are compared t o  
show the  effwt of altitude on the corrected  values of net thrust 
(fig. 17), a i r  flow (fig. 18), fuel  conamption (fig. 19), specific 
fuel  conemtion based on net thrust (fig. 20), fuel-air r a t i o  
(fig. 21), ~ n d  exhaust-nozzle-outlet t o t a l  temperature (fig. 22). 

Xet-thrust d.ata (fig. 17) generalized t o  a single curve at  
altitudes up to 25,000 feet  f o r  the range of corrected engine speeds 
and at a l l  altitudes at low corrected engine speeds. A t  high mr- 
rected engine speeds, however, the  corrected net thrust increased 
as  the  altitude was raised above 25,000 feet. The air-flow data 
(fig. 18) generagzed t o  a single curve for a l l  engine speeds a t  
altitudes Up to 15,000 fee t  for the original engine and at altitudes 
up t o  25,000 feet   for  the modified engine; further increases i n  
alt i tude reduced the  corrected air  flow at a l l  corrected engine 
spes. 

Corrected fuel  consumption (fig. 19), corrected  specific  fuel 
consumption  baaed cm net thrust (fig. 20), corrected fuelrair 
r a t i o  (fig. 21), and corrected  eaust-nozzle-outlet  total tnmpera- 
ture  (fig. 22) increased markedly as  the  altitude was raised. 

Turbine, cmpressor, and  cambuetion efficiencies decreased 
over most  of the opersting range of engine speeds as the  altitude 
was raised  (reference8 1, 2, and 3, respectively). Because of the 
effect of altitude on coqmssor and turbine  eficienoies,  higher 
corrected  tempmtures  within  the engine were required as the 
altitude was raised;  the  increase in oarrected t q e r a t u r e  as the 
altitude was raised i_s shown in figure 22. increased corrected 
.temperatures and corrected pressures within  the engirm =used the 
mrrected  net thrust t o  increase at high corrected engine speeds 
as the  altitude was raiaed above  25,000 feet. The decreased can- 
ponent and cambustian efficiencies,  as  the  altitude was raiaed, 
resulted in increased. corrected  fuel oonsuaption and, consequently, 
increased. oorrected f uel-air r a t io s  and corrected  specific  fuel 
oonsmption based . o n  net thrust. 

Performance Vsri&bleS depending upon fue l  consumption that are 
obtained f r a n  data at one alt i tude cannot be used t o  p d i c t  these 
variables at other  altitudes. Thruat and air-flaw values, however, 
can be .predicted f o r  a limited range of altitudes from data obtained 
at  one altitude. 
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The variation of engine windmilling speed and windmilling drag 
with  airspeed.  at  altitudes  from 5000 to 45,000 feet  is  shown in 
fi;ure 23. The windmilling engine speed  is  essentially  unaffected 
by changes in altitude and varied almost linearly with  airepeed. 
Wlzldmillfng drsg, in general, increased as  the airaped was increased 
and decreased as  the  altitude vss raieed. The windmilling engine 
epeed and drag of the  two engines are  comparable. 

The variation of the  rertio of windmilling drsg to  net  thrust 
at maximum engine speed wfth airsped st an altitude of 25,000 feet 
is shown in figure 24. The dab of this  figure were obtained Awn 
figures 15 and 23. An examination  of  the  data from other  altitudes 
has Sham that  the  ratio of windmilling drsg to  net  thrust  at max- 
imum engine speed i s  not  appreciably  affected  by changes i n  alti- 
tude within  the range of airspeeds  investigated. The windmilling 
drag is approximately equal to 1 percent of the  net  thrust  at 
maxlmm englne speed f o r  aa airspeed of 200 miles per hour and 
incresses to 11 percent at an airspeed of 500 miles per  hour. 

SUMMARY OF RESUUTS 

A n  investigation of the perpornmace of two turbojet engines 
of the aame type in the Cleveland altitude wind tunnel  at  altitudes 
From 5000 to 45,000 feet and flight Wch numbers from 0.09 to 1.08 
gave the  following  results: 

1. Performance  variables depending upon fuel  oonsunptian  that 
are  obtained from data  at one altitude  cannot  be  used  to  predict 
these  variables  at  other  altitudes;  however,  thruet and air-flow 
values can be predicted for a limited range of altitudes f’rom data 
taken at one altitude. 

2. Increasing  the  altitude raised the  exhaust-nozzle-outlet 
total tmprature at high engine speed8 for both engines. Bor the 
original engine, the exhaust-nozzle-outlet  tot81  temperature wae 
lowered at  all engine spes by inoreasee in flight Bch number to 
0.98 and was unaffected  by a further inorease in flight B c h  nm- 
ber  to 1.08. For the  modified engine, the  exhauet-nozzle-outlet 
total  temperature was l m r e d  at  all engine ape& by increases in 
flight Wch number  to 0.73; however,  at  high engine speeds the 
temperature vas not  appreciably  af‘fected  as  the  flight Mch nmber 
wae inoreased f ’ rom 0.73 to 0.87 and was raised by a further  Inorease 
i n  flight  &oh  number  to 1.08. 
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3. A t  engine speeds greater than 10,OOO rp, specific fuel con- 
sumption based on net thruet was not  appreciably  affected when the 
altitude was mised fram 5000 t o  35,000 feet, but was markedly 
increased when the alt i tude was M e r  raised  to 45,000 feet. 

4. In general, the  speoific  fuel coneumption beseed on net 
thruat increased- as the  f l ight   hch number wae raised. 

5. A cnmwison of original- and modified-engine performance 
data showed that the net thrust crf the modified engine a t  maximum 
engine speed was 3 to  20 percent greater t han  that of the  original 
engine. In most cases, the  specific  fuel consumption based on net 
thrust  for  the modified engine at maximum engine speed was within 
2 percent of that for  the  original engine. 

6 .  The wind~~illfng ergine speed and drag of the two engines 
are comparable. A t  an alt i tude of' 25,000 feet, the windmilling 
drag is appraim3tely equal t o  1 peroent of the  net  thrust at max- 
bum engine speed at an airspeed of 200 miles per hour aa OQmPared 
with 11 percent at  an airspeed of' 500 miles per hour. 

Flight Propulsion Research Laboratory, 
National Advisory  Cananittee fo r  Aeronautics, 

Cleveland, Ohio. 
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APPEMDM - C A L c U w 1 T I O E  

Symbols 

The following symbols a re  used i n  this report: 

croas-sectional  area, sq f t  

thrust-scale  reading,  lb 

specific  heat of gaa a t  con8tant preaaure, Btu/(lb) ( O R )  

external drag of ins ta l la t ion ,  l b  

windmilling my l b  

Jet thrust, lb 

net  thrust ,   lb 

fue l - a i r   r a t io  

acceleration of gravity, 32.2 f t /sec2 

mechanical equivalent of heat,  778 f t - lb/Btu 

f l i g h t  N c h  number 

engine sYe% rIan 

t o t a l  preaeure, lb/aq f t  absolute 

s t a t i c  p~eaaure, lb/sq f t  absolute 

c o ~ t ~ t ,  53.3 ft-lb/(lb)(OR) 

t o t a l  temperature, OR 

indicated temperature, OR 

a t a t i c  temperature, OR 

velocity, f t / sec  

air flow, lb/sec 

. " 

tD 
N 
(D 

I 
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Wf fuel consumption, I b / h  

wf b n  specific  fuel  consumptian  based on net  thrust, 
lb/(hr) ( l b  thrust) 

7 ratio of specific  heats 

6 

e 

ratio of absolute  ambient  static  pressure  to  absolute 
static  pressure of NACA standard  atmosphere at sea 
level 

w 

ratio of ab6OlUte  ambient  static  temperature  to  absolute 
static tempmture of NACA standard  atmosphere  at  sea 
level 

Subscripts: 

0 free sir stream 

X engine-inlet  duct  at slip joint 

1 engine inlet 

2 compressor  inlet 

8 exhaust-nozzle  outlet 

The data  are generalized to NACA standard  sea-level  conditions 
by the  following  parameters: 

Fnb corrected  net  thrust,  lb 

(fb) / e  corrected  fuel-air  ratio 

N/ 6 corrected  engine  speed, x p n  

Te / e  corrected  eauet-nozzle-outlet total temperature, ?R 

* 

(W,&)/b corrected  air flow, lb/sec 

Wf/(6&?) corrected  fuel  coriaumptiaa, IbJhr 

Wf/(Fnfi) corrected  specific  fuel  consumption  based on net  thrust, 
lb/(hr) (lb  thrust) 
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Methods of Caloulation 

NACA RM No. E8B26 1 

, 

Thrust. -- Thrust was determined  by  calculation from: (1) tunnel 
bahnce-scale  measurements, and (2) pressure and temgerature  meaaure- 
menta  obtained  at  the  efiaust-nozzle  outlet  (station 8 ) .  The thrust 
values presented  herein  were  obtained by use of the  first  method. 
Jet  thrust was determined from balance-scale measurments by use of 
the relation 

Jet thrust was determined  from pressure and temperature messwementa 
obtained  at  the  exhaust-nozzle  outlet by w e  of the  relation 

Net t-t was determined fram balance-scale  measurements by w e  of 
the  relation 

Winamilling &a+?. - Windmilling drag was determined from 
balance-soale  measurements  by uae of the  relation 

Air flow. - mine air flow was calculated frm pressure and 
temperature  mmeurements  obtained  at the engine inlet  (station 1) by 
use of the  relation 

I "I 
. .  

Temperatures. - Engine-Inlet and exhaust-nozzle-outlet  temper- 
atures were calculated from the indicated  temperature, using a 
themocouple  recovery  factor of 0.85, and resyectlve  values of 
pesmre, tamperatwe, and ratio of epecific heats: 
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The equivalent ambient  static  temperature was determined from 
the relation 

Airspeed. - The airsgeed was determined (aeetrming complete ram- 
pressure  recovery)  frcm the relation 

Flight Mach number. - The flight h c h  nmber was detemlned 
(assuming  complete ram-preeeure reoovery)  from  the equation 

I 1 

1. Conrad, Earl W., Metz, Robert O., Jr., and Gollsday, Rlohard L.: 
Altitude-Wind-Tunnel  Investigation of a 3000-Pound-Thrust 
Axlal-Flm Turbojet mine.  I - Anslyeis of Turbine Perform- 
anoe.. NACA RM No. E8.423, 1948. 
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2. Dietz, Robert O., Jr., Berdysz, Joseph J., snd Howard, Ephraim M.: 
Altitude-Wind-Tunnel Investigation of a 3000-Pound-Thruet 
Axial-Flaw Turbojet Engine. I1 - Analysis of Cmpreasor Per- 
f omance. IVACA RM No. E8A26a, 1948.. 

3. Campbell,  Carl E.: Altitude-Wind-Tunnel Investigation of a 
3000-Pound-Thrust M a l - F l o w  Turbojet Engine. I11 - h l y e i 8  
of Conbustion-Chamber Ferforma.nce. W A  REI NO. E8319,  1948. 

4. 3 a w k t n s ,  W. Kent, and hbyer,  Carl L.: Altitude-WLnd-Tunnsl 
Investigation of a 3000-Pound-Thrust Axial-Flow Turbojet w i n e .  
IV - Operational Characteria%lcs. L W A  RM No. E8819a,  1948. 
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2 4 6 8 10 12 14 x 
Engine speed, N, rpn 

(a) Original engine. 
Figure 9. - =foot  of' altitude on variation of net thruet with 

engine speed. Flight Mach number, 0.25. 
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2 4 6 8 10 12 14x 103 

Engine speed, N, rpm 
(b) Modified  engine. 

Figure 3. - Concluded. Effect of altitude on variation of net 
thruat  with engine speed. Flight Mach number, 0.25. 
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60 
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0 40 

10 
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Engine speed, N, rpm 
(a) Original engine. 

Figure 4. - Effect of altitude on variation of afr flow w i t h  
engine speed. Flight  Mach number, 0.26. 
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. 

23 

Engine speed, ?I, rpm 
(b)  Modiried engine. 

f l o w  with  engine speed. Flight Yaah number, 0.25. 
Figure 4. - Concluded. Effect  of altitude on  variation of air 
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A l t  1 tude 
(ft) 

0 6,ooo 
0 15,Ooo 

V 45,000 

-Y 

0 
2 4 6 8 10 12 14 x 

Engine apeed, H, rpm 
(a) Origfnal engine. 

Figure 5 .  - Effeat  of nltl tude on variation of f u e l  conalanption 
w i t h  engine 8peed. Flight Maah number, 0.25. 

103 



NACA RM No. E8826 - 25 

Engine speed, 10, rpm 
(b) Modified engine. 

Figure 5. - Concluded. .Effect of alt i tude on variation of fuel 
consumption w i t h  engine spbed. F l i g h t  Paoh number, 0.26. 
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1.0 
6 8 10 12 14 x 10' 

Engine speed, N, rpm 
( a )  Original engine. 

Figure 6. - Effec t  of a l t i t u d e  on variation of speo i f l c  fuel con- 
sumFtion based on net thrust with  engine speed. P l i g h t  Mach 
m b e r ,  0.25. 
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2.8. 

Altitude 
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2.6 0 5,000 
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1.0 
6 8 10 12 14 x 13 

m i n e  speed, B, rpn 
(b) Modified  engine 

Figure 6. - Concluded. Effect of altitude on variation of specific 
fuel  consumption baaed on  net thrust  with engine 8pf38d. Flight 
Mach number, 0,25. - 
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Engine speed, N, rpm 

(a)  Original engine. 
Figure 7. - Effect of altitude on variation  of fuel-alr ratio 

with  engine 8peed. Flight Mach number, 0.25. 

.. . .. . 

. 
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.014 

010 

Engine speed, N, rpm 
(b) Modified engine. 

Figure 7. - Concluded. Effect of altitude on variation of fuel- 
air ratio  with  engine speed. Fl ight  Mach number, 0.25. 

103 



30 " NACA RM No. E8B26 

1000 

Engine apeed, 1p, rpm 
(a) Original engine. 

Figure 8. - Effeat of altitude on variation o r  exhaupt-nocele- 
outlet  total  temperature with  engine a p e d .  Plight Mach 
nmnber, 0.25. 

.. 
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10 12 1 4  x 109 
Engine speed, N, rpm 
(a) Original   engine.  

Figure 9. - E f f e c t  of P l i g h t  Mach nunber  on v a r i a t i o n  of n e t  
thrust with engine speed. Al t i tude ,  25,000 feet. 
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Engine apeed, X, rpm 
(b) Modified  engine. 

~igure 9. - Conoluded. mfect of flight Mach number on variation 
o r  mt thrust with engine 8peedo Altitude, 25,000 feet. 
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(R) original engfns. 
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Figure 10. - Erreut  o r  flight Mach number on variation of air 
flow w i t h  engine apeed.   Al t i tude ,  26,000 feet. 
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Figure 11, 7 Concluded. E f f e c t  of flight Mach number on 
variation of fuel consumption.with  engine speed. Altitude, 
25,000 feet, v 
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(a) Original  engine. 
Figure 12. - Effect o f  flight Mach  number on variation of speolflc 

fuel conamption based on net  thrust  with engine apeed. Altitude, 
25,000 f ee t  . 
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w i n e  speed, If, rpm 
(a 1 Original  engine. 

Figure  13. - Effeot of flight Mach number on variation of  fuel- 
air rat io  with engine 8peed. Altitude, 25,000 Pest. 



Engine ~ p e e d ,  N, r p m  
(b) Modified  engine. 

variation of fuel-air ratio with engine  speed. Altftude, 
Figure 13. - Concluded. E f fec t  of flight Mach number on 

25,000 feeto  - 
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Engine speed, N, r p m  
(a) Original engine. 

Figure  14. - Effect  of flight Mach number on variation of eXhaUEtlMZZle- 
outlet total  temperature  with engine speed. Altitude, 26,000 feet. 
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I 
43 

Engine speed, H, rpm 
(b) Modified engine. 

Figure 14. - Conclude& Effect of flight Mach number on variation of exhauat- 
nozzle-outlet t o t a l  temperature vith engine speed. Altitude, 26,000 feet. 
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Figure 15. - Variation of net thrust rith airspeed at maxlntum engine speed. 
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Airspeed, VO, mph 

Figure  16. - Variation of spec i f i c   fue l  consumptLon baaed oh net  thrust w i t h  
airspeed a t  maximum engine speed. 
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0 5,000 

Correoted engine apeed, N / q ,  rpln 
(a)  Original engine. 

Figure 17. - Effect of' altitude on variation of corrected net 
thrust with corrected engine Speed. Plight Mach number, 0.25. 
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Corrected  engine  speed, I?/*, rpm 
(b) Modified engine. 

Figure 18. - Concluded. Effect of altitude on variation of 
corrected air flow with corrected engine speed. Flight Mach 
number, 0.25. 
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Corrected engine speed, N#W,  rptn 

(a) Original engine. 

Figure 19. - Effect of altitude on variation of corrected fuel consumption 
w i t h  cormcte-8  engine speed. P l i @ t  Mach nmber, 0.25. 
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Corrected engine speed, X/*, rpn 
(b) Moaifieh engine. 

~ i g w e  19. - Concluded. mffect or altitude on variation of corrected fuel 
consumption with correated engine speed. Flight Mach ntxabr, 0.25. 
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Corrected engine npeed, N/*, rprm 

(a) Original engine. 

Figure 20. - Effect of altitude on variation of aorrected  spealflc 
fuel aonsumption  based on net thrust w i t h  corrected engine speed. 

. 
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Corrected  engine speed, R/%, rpm 
(b) Modified engine. 

Figure 20. - Concluded. Effect of altitude on variation of. 
corrected specirfc fuel consumption based on net thrust with 
corrected  engine  speed. 
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Mach number, 0.25. 

55 



56 

0 
E 

NACA RM No. E8026 

Correoted engine speed, N / S ,  rpm 

Flgure 22. - Effect o f  altitude on variation of corrected 
(a) Original  engine. 

exhaustqozzle-outlet  total temperature w i t h  correated engine 
speed. F l i g h t  Mach number, 0.25. 
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Corrected engine #peed, X/-@, rpm 

(b) Modified engine. 

Figure 22. - Conoluded. Effect of altitude on variation of 
corrected  exhaustqozzle-outlet  total temperature w i t h  
corrected engine apeed. F l i g h t  Maoh nwnber, 0.25. 
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Airspeed, VOS mPh 
(a) original  engine. 

Figure 83. - Varlatlon of engine rindmilling speed and rindmilling drag w i t h  
airspeed. 
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Airspeed, Vo, mPh 
(b) Modified engine. 

6 Figure 230 - Conoluded. Variation o f  engine  rindmilling speed and rindmllllng 
drag w i t h  airspeed. 
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